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Melittin, a cationic hemolytic peptide, is intrinsically fluorescent due to the presence of a single functionally important tryptophan
residue. The organization of membrane-bound melittin is dependent on the physical state and composition of membranes. In particular,
polyunsaturated lipids have been shown to modulate the membrane-disruptive action of melittin. Phospholipids with polyunsaturated acyl
chains are known to modulate a number of physical properties of membranes and play an important role in regulating structure and
function of membrane proteins. In this study, we have used melittin to address the influence of unsaturated lipids in modulating lipid–
protein interactions. Our results show that fluorescence parameters such as intensity, emission maximum, polarization, lifetime and
acrylamide quenching of melittin incorporated in membranes are dependent on the degree of unsaturation of lipids in membranes.
Importantly, melittin in membranes composed of various unsaturated lipids shows red edge excitation shift (REES) implying that melittin
is localized in a motionally restricted region in membranes. The extent of REES was found to increase drastically in membranes with
increasing unsaturation, especially when the lipids contained more than two double bonds. In addition, increasing unsaturation in
membranes causes a considerable change in the secondary structure of membrane-bound melittin. Taken together, our results assume
significance in the overall context of the role of unsaturated lipids in membranes in the organization and function of membrane proteins
and membrane-active peptides.
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Melittin, the principal toxic component in the venom of
the European honey bee, Apis mellifera, is a cationic
hemolytic peptide [1]. It is a small linear peptide0005-2736/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2004.06.008
Abbreviations: DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine;
LUV, large unilamellar vesicle; MOPS, 3-(N-morpholino)propanesulfonic
acid; PAPC, 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine;
PDPC, 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine;
PLPC, 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine; POPC, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; REES, red edge excita-
tion shift
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E-mail address: amit@ccmb.res.in (A. Chattopadhyay).composed of 26 amino acids (NH2-GIGAVLKVLTTGL-
PALISWIKRKRQQ-CONH2) in which the amino-terminal
region (residues 1–20) is predominantly hydrophobic,
whereas the carboxy terminal region (residues 21–26) is
hydrophilic due to the presence of a stretch of positively
charged amino acids. This amphiphilic property of melittin
makes it water-soluble and yet it spontaneously associates
with natural and artificial membranes. Such a sequence of
amino acids, coupled with its amphiphilic nature, is
characteristic of many membrane-bound peptides and
putative transmembrane helices of membrane proteins
[1]. This has resulted in melittin being used as a
convenient model for monitoring lipid–protein interactions
in membranes.
Despite the availability of a high resolution crystal
structure of tetrameric melittin in aqueous solution [2],cta 1665 (2004) 29–39
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resolved by X-ray crystallography. Yet, the importance of
the membrane-bound form stems from the observation
that the amphiphilic a-helical conformation of this
hemolytic toxin in membranes resembles those of signal
peptides [3], and the envelope glycoprotein gp41 from
the human immunodeficiency virus (HIV) [4]. Further-
more, understanding melittin–membrane interaction
assumes greater significance due to the recent finding
that melittin mimics the N-terminal of HIV-1 virulence
factor Nef1-25 [5].
Melittin is intrinsically fluorescent due to the presence
of a single tryptophan residue, Trp-19, which makes it a
sensitive probe to study the interaction of melittin with
membranes and membrane-mimetic systems [6–9]. This is
particularly advantageous since there are no other
aromatic amino acids in melittin and this makes
interpretation of fluorescence data less complicated due
to lack of interference and heterogeneity. More impor-
tantly, it has been shown that the sole tryptophan residue
of melittin is crucial for its powerful hemolytic activity
[10]. The organization and dynamics of the tryptophan
therefore become important for the function of the
peptide. We have previously monitored the microenviron-
ment experienced by the sole tryptophan in melittin when
bound to membranes utilizing the wavelength-selective
fluorescence approach. Our results show that the trypto-
phan residue is located in a motionally restricted region
in the membrane [6,11] and the tryptophan environment
is modulated by the surface charge of the membrane
which could be related to the difference in the lytic
activity of the peptide observed in membranes of varying
charge [6].
Melittin has been widely used as a suitable model peptide
for studying lipid–protein interactions due to its various
modes of action with natural and model membranes [1]. It is
well documented that the orientation (parallel or perpendic-
ular to the plane of the membrane bilayer) and the lytic
activity of melittin are dependent on the physical condition
and the composition of the membrane to which it is bound
[6,12–14]. In particular, it has been shown that lipid chain
unsaturation modulates the lytic power [15] and bilayer
micellization property [16] of melittin in membranes. These
effects are dependent on the degree of unsaturation of the
lipid acyl chains and the fraction of unsaturated lipids
present in the membrane.
In this paper, we report the influence of lipid chain
unsaturation on membrane-bound melittin utilizing fluo-
rescence and circular dichroism (CD) spectroscopic
approaches. We have previously shown that red edge
excitation shift (REES) serves as a powerful tool to
monitor the organization and dynamics of fluorescent
probes and peptides/proteins bound to membranes and
membrane mimetic media such as micelles and reverse
micelles [6,8,9,11,17]. Our results assume significance in
the overall context of the role of unsaturated lipids inmembranes in the organization and function of membrane
proteins and membrane-active peptides.2. Materials and methods
2.1. Materials
Melittin of the highest available purity, and 3-(N-
morpholino)propanesulfonic acid (MOPS) were obtained
from Sigma Chemical Co. (St. Louis, MO, USA). 1-
Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-linoleoyl-sn -glycero-3-phosphocholine
(PLPC), 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phospho-
choline (PAPC), 1-palmitoyl-2-docosahexaenoyl-sn-glyc-
ero-3-phosphocholine (PDPC) and 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). Lipids were
checked for purity by thin layer chromatography on silica
gel precoated plates (Sigma) in chloroform/methanol/water
(65:35:5, v/v/v) and were found to give only one spot in all
cases with a phosphate-sensitive spray and on subsequent
charring [18]. The concentrations of phospholipids were
determined by phosphate assay subsequent to total digestion
by perchloric acid [19]. DMPC was used as an internal
standard to assess lipid digestion. To avoid oxidation of
polyunsaturated lipids, the stock solutions of these lipids
were stored under argon at 20 8C. Any possible oxidation
of polyunsaturated lipids was checked using a spectropho-
tometric assay [20] and no oxidative damage could be
detected this way. The concentration of melittin in aqueous
solution was calculated from its molar extinction coefficient
(e) of 5570 M1 cm1 at 280 nm [6]. Ultrapure grade
acrylamide was from Gibco BRL (Rockville, MD, USA).
The purity of acrylamide was checked from its absorbance
using its molar extinction coefficient (e) of 0.23 M1 cm1
at 295 nm and optical transparency beyond 310 nm [21]. All
other chemicals used were of the highest purity available.
Solvents used were of spectroscopic grade. Water was
purified through a Millipore (Bedford, MA, USA) Milli-Q
system and used throughout.
2.2. Sample preparation
All experiments were done using 100 nm diameter large
unilamellar vesicles (LUVs) containing 2 mol% melittin. In
general, 640 nmol (160 nmol for fluorescence quenching
experiments) of lipid was dried under a stream of nitrogen
while being warmed gently (~35 8C). After further drying
under a high vacuum for not more than 3 h, 1.5 ml of 10
mM MOPS, 150 mM sodium chloride, 5 mM EDTA, pH
7.2 buffer was added, and the sample was vortexed under
argon for 3 min to disperse the lipid and form homogeneous
multilamellar vesicles. LUVs of 100 nm diameter were
prepared by the extrusion technique using an Avestin
Liposofast Extruder (Ottawa, Ontario, Canada) as previ-
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were freeze–thawed five times using liquid nitrogen to
ensure solute equilibration between trapped and bulk
solutions, and then extruded through polycarbonate filters
(pore diameter of 100 nm) mounted in the extruder fitted
with Hamilton syringes (Hamilton Company, Reno, NV,
USA). The samples were subjected to 11 passes through the
polycarbonate filter to give the final LUV suspension. To
incorporate melittin into membranes, a small aliquot
containing 12.8 nmol (25.6 nmol for CD measurements)
of melittin was added from a stock solution in water to the
pre-formed vesicles and mixed well. For acrylamide
quenching experiments, the total lipid used was less (4.8
nmol) to avoid scattering artifacts. Samples were incubated
in the dark for 12 h under argon at room temperature (~23
8C) for equilibration before making measurements. Back-
ground samples were prepared the same way except that
melittin was not added to them.
2.3. Steady state fluorescence measurements
Steady state fluorescence measurements were performed
with a Hitachi F-4010 spectrofluorometer using 1 cm path
length quartz cuvettes. Excitation and emission slits with a
nominal bandpass of 5 nm were used for all measurements.
All spectra were recorded using the correct spectrum mode.
Background intensities of samples in which melittin was
omitted were subtracted from each sample spectrum to
cancel out any contribution due to the solvent Raman peak
and other scattering artifacts. The spectral shifts obtained
with different sets of samples were identical in most cases.
In other cases, the values were within F1 nm of the ones
reported. Fluorescence polarization measurements were
performed at room temperature (23 8C) using a Hitachi
polarization accessory. Polarization values were calculated
from the equation [23]:
P ¼ IVV  GIVH
IVV þ GIVH ð1Þ
where IVV and IVH are the measured fluorescence intensities
(after appropriate background subtraction) with the excita-
tion polarizer vertically oriented and emission polarizer
vertically and horizontally oriented, respectively. G is the
grating correction factor and is the ratio of the efficiencies of
the detection system for vertically and horizontally polar-
ized light, and is equal to IHV/IHH. All experiments were
done with multiple sets of samples and average values of
polarization are shown in Fig. 5.
2.4. Time-resolved fluorescence measurements
Fluorescence lifetimes were calculated from time-
resolved fluorescence intensity decays using a Photon
Technology International (London, Western Ontario, Can-
ada) LS-100 luminescence spectrophotometer in the time-correlated single photon counting mode as described
previously [8]. All experiments were performed using
excitation and emission slits with a nominal bandpass of 4
nm or less. Fluorescence intensity decay curves so obtained
were deconvoluted with the instrument response function
and analyzed as a sum of exponential terms:
F tð Þ ¼
X
i
aiexp  t=siÞð ð2Þ
where F(t) is the fluorescence intensity at time t and ai is a
pre-exponential factor representing the fractional contribu-
tion to the time-resolved decay of the component with a
lifetime si such that
P
i ai=1. The decay parameters were
recovered as described previously [8]. Mean (average)
lifetimes bsN for biexponential decays of fluorescence were
calculated from the decay times and pre-exponential factors
using the following equation [23]:
bsN ¼ a1s
2
1 þ a2s22
a1s1 þ a2s2 ð3Þ
2.5. Fluorescence quenching measurements
Acrylamide quenching experiments of melittin trypto-
phan fluorescence in membranes of varying degrees of
unsaturation were carried out by measurement of fluores-
cence intensity of melittin in separate samples containing
increasing concentrations of acrylamide taken from a freshly
prepared stock solution (8 M) in water. Samples were kept
in the dark for 1 h before measuring fluorescence. The
excitation wavelength used was 295 nm and emission was
monitored at the fluorescence emission maximum of
melittin in the given membrane system. Corrections for
inner filter effect were made using the following equation
[23]:
F ¼ Fobsantilog Aex þ AemÞ=2ð ½ ð4Þ
where F is the corrected fluorescence intensity and Fobs is
the background subtracted fluorescence intensity of the
sample. Aex and Aem are the measured absorbance at the
excitation and emission wavelengths. The absorbance of the
samples was measured using a Hitachi U-2000 UV–visible
absorption spectrophotometer. Quenching data were ana-
lyzed by fitting to the Stern–Volmer equation [23]:
Fo=F ¼ 1þ KSV Q½  ¼ 1þ kqso Q½  ð5Þ
where Fo and F are the fluorescence intensities in the
absence and presence of the quencher, respectively, [Q] is
the molar quencher concentration and KSV is the Stern–
Volmer quenching constant. The Stern–Volmer quenching
constant KSV is equal to kqso where kq is the bimolecular
quenching constant and so is the lifetime of the fluorophore
in the absence of quencher.
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CD measurements were carried out at room temperature
(23 8C) in a JASCO J-715 spectropolarimeter which was
calibrated with (+)-10-camphorsulfonic acid. The spectra
were scanned in a quartz optical cell with a path length of
0.1 cm. All spectra were recorded in 0.2 nm wavelength
increments with a 4 s response and a band width of 1 nm.
For monitoring changes in secondary structure, spectra were
scanned in the far-UV range from 205 to 250 nm at a scan
rate of 50 nm/min. Each spectrum is the average of 15 scans
with a full-scale sensitivity of 50 mdeg. All spectra were
corrected for background by subtraction of appropriate
blanks and were smoothed making sure that the overall
shape of the spectrum remains unaltered. Data are repre-
sented as molar ellipticities and were calculated using the
equation:
h½  ¼ hobs= 10 ClÞð ð6Þ
where hobs is the observed ellipticity in mdeg, l is the
path length in cm, and C is the melittin concentration in
mol/l.Fig. 1. Chemical structures of the unsaturated phospholipids used. T3. Results
Fig. 1 shows the chemical structures of the unsaturated
phospholipids used in this study. We chose zwitterionic
phosphatidylcholine as the phospholipid headgroup to
ensure that there is minimal electrostatic interaction with
the cationic peptide melittin. Further, we chose mixed acyl
chain phospholipids since most biological membranes are
composed of phospholipids which are predominantly
saturated at the sn-1 position, and unsaturated at the sn-2
position [24]. These mixed acyl chain phospholipids remain
in the biologically relevant fluid phase at physiological
temperatures due to their low phase transition temperatures.
The phospholipids used are chosen such that the sn-1 acyl
chain is saturated (16:0), whereas the sn-2 acyl chain is
unsaturated with the extent of unsaturation increasing in the
order POPC (18:1), PLPC (18:2), PAPC (20:4), and PDPC
(22:6). The gradual variation of the number of double bonds
in the sn-2 position keeping the fatty acyl chain composition
in the sn-1 position invariant, sets up an appropriate
condition to monitor the effect of degree of unsaturation
in membranes on the organization and dynamics of
membrane-bound melittin.he composition of the acyl chains is indicated in parentheses.
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The fluorescence emission maximum of melittin bound to
monounsaturated POPC membranes is 337 nm when excited
at 280 nm. The magnitude of the emission maximum is
indicative of the membrane interfacial localization of the
tryptophan residue in melittin [6,11]. The fluorescence
emission maximum of membrane-bound melittin exhibits a
small red shift in membranes composed of polyunsaturated
phospholipids. Thus, the emission maximum of melittin
bound to PLPC, PAPC and PDPC membranes is 337, 338
and 339 nm, respectively. The red shift of the emission
maximum with increasing unsaturation could be due to an
increased water content in these membranes [25,26].
As shown in Fig. 2, the fluorescence intensity of melittin
shows reduction with increasing phospholipid unsaturation
which is apparent only for PAPC (four double bonds) and
PDPC (six double bonds) membranes. Tryptophan fluo-
rescence intensity is sensitive to the presence of water in its
immediate environment since water is known to quench
tryptophan fluorescence [8]. The decrease (~20%) in the
fluorescence intensity observed in PAPC and PDPC
membranes could therefore be due to the increased water
content of these membranes resulting in an increased
polarity around the tryptophan residue. The decrease in
fluorescence intensity of melittin is more pronounced when
the number of double bonds is changed from two to four
beyond which there is no significant change in the
fluorescence intensity of membrane-bound melittin.
3.2. REES of melittin in membranes composed of varying
degrees of unsaturation
REES represents a powerful approach which can be used
to directly monitor the environment and dynamics around aFig. 2. Effect of increasing number of double bonds at the sn-2 fatty acyl
chain on the fluorescence intensity of melittin bound to membranes of
varying degrees of unsaturation. Excitation wavelength used was 280 nm
and emission was collected at 337 nm. The data points shown are the
meansFS.E. of three independent measurements. The ratio of melittin to
lipid was 1:50 (mol/mol) and the concentration of melittin was 8.53 AM in
all cases. See Materials and methods for other details.fluorophore in a complex biological system [17]. A shift in
the wavelength of maximum fluorescence emission toward
higher wavelengths, caused by a shift in the excitation
wavelength toward the red edge of the absorption band, is
termed REES. This effect is mostly observed with polar
fluorophores in motionally restricted media such as viscous
solutions or condensed phases where the dipolar relaxation
time for the solvent shell around a fluorophore is com-
parable to or longer than its fluorescence lifetime [17,27].
REES arises from slow rates of solvent relaxation (reor-
ientation) around an excited state fluorophore which depends
on the motional restriction imposed on the solvent molecules
in the immediate vicinity of the fluorophore. Utilizing this
approach, it becomes possible to probe the mobility
parameters of the environment itself (which is represented
by the relaxing solvent molecules) using the fluorophore
merely as a reporter group. Further, since the ubiquitous
solvent for biological systems is water, the information
obtained in such cases will come from the otherwise
doptically silentT water molecules.
The unique feature about REES is that while all other
fluorescence techniques (such as fluorescence quenching,
energy transfer, and polarization measurements) yield
information about the fluorophore (either intrinsic or
extrinsic) itself, REES provides information about the
relative rates of solvent (water in biological systems)
relaxation dynamics which is not possible to obtain by
other techniques. This makes REES extremely useful since
hydration plays a crucial modulatory role in a large number
of important cellular events including protein folding, lipid–
protein interactions and ion transport [28].
The shifts in the maxima of fluorescence emission1 of the
tryptophan residue of melittin, bound to membranes of
unsaturated phospholipids, as a function of excitation
wavelength are shown in Fig. 3a. As the excitation
wavelength is changed from 280 to 307 nm, the emission
maxima of membrane-bound melittin are shifted from 337
to 344 nm (in POPC), 337 to 345 nm (PLPC), 339 to 356
nm (PAPC), and 339 to 358 nm (PDPC). This corresponds
to REES of 7, 8, 17, and 19 nm for melittin bound to
membranes of POPC, PLPC, PAPC, and PDPC, respec-
tively. Such dependence of the emission maximum on
excitation wavelength is characteristic of REES. This
implies that the tryptophan residue in melittin is localized
in a motionally restricted region of the membrane in these
cases. This is consistent with the interfacial localization of
the melittin tryptophan when bound to membranes [6,11].
The membrane interface is characterized by unique motional1 We have used the term maximum of fluorescence emission in a
somewhat wider sense here. In every case, we have monitored the
wavelength corresponding to maximum fluorescence intensity, as well as
the center of mass of the fluorescence emission. In most cases, both these
methods yielded the same wavelength. In cases where minor discrepancies
were found, the center of mass of emission has been reported as the
fluorescence maximum.
Fig. 3. (a) Effect of changing excitation wavelength on the wavelength of
maximum emission of melittin bound to membranes of varying degrees of
unsaturation corresponding to POPC (o), PLPC (.), PAPC (D), and
PDPC (n). (b) Effect of increasing number of double bonds at the sn-2 fatty
acyl chain of the unsaturated phospholipid on the magnitude of REES of
melittin bound to membranes of varying degrees of unsaturation. REES
data obtained from panel a is plotted as a function of increasing number of
double bonds at the sn-2 fatty acyl chain of phospholipids. All other
conditions are as in Fig. 2. See Materials and methods for other details.
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aqueous phase and the more isotropic hydrocarbon-like
deeper regions of the membrane [17,29]. This specific
region of the membrane exhibits slow rates of solvent
relaxation and is also known to participate in intermolecular
charge interactions and hydrogen bonding through the polar
headgroup. These structural features which slow down the
rate of solvent reorientation have previously been recog-
nized as typical features of microenvironments giving rise to
significant REES effects. It is therefore the membrane
interface which is most likely to display red edge effects
[17].
Interestingly, the magnitude of REES appears to be
dependent on the extent of unsaturation in the membrane as
shown in Fig. 3b. Melittin exhibits REES of 7–8 nm in
membranes of mono- and diunsaturated (POPC and PLPC)
phospholipids. There is a drastic increase in the magnitudeof REES when the number of double bonds is increased
beyond two. Thus, melittin in PAPC and PDPC membranes
displays REES of 17 and 19 nm, respectively. These results
show that the immediate environment around the trypto-
phan, in terms of dynamics (rate of solvent reorientation) of
hydration, changes with increasing unsaturation in the sn-2
fatty acyl chain. In particular, the change is more apparent
from PLPC to PAPC which shows a large change in REES.
This is consistent with the previous observation that in fatty
acyl chains with more than two cis double bonds, there is a
significant increase in water permeability [25,26], possibly
due to the disordering of the membrane associated with it
[30]. It is worth mentioning here that the magnitude of
REES obtained with melittin in PAPC and PDPC mem-
branes are considerably higher than what is usually reported
for membrane-bound tryptophan residues [6,11,31] although
higher REES have been reported in a few cases [32,33].
3.3. Fluorescence lifetime and polarization measurements of
membrane-bound melittin
It is well known that fluorescence lifetime of tryptophan
in particular is sensitive to solvent, temperature and excited
state interactions [34]. A typical decay profile of tryptophan
residue of membrane-bound melittin with its biexponential
fitting and the statistical parameters used to check the
goodness of the fit is shown in Fig. 4a.
The fluorescence lifetimes of melittin bound to mem-
branes with varying degrees of unsaturation are shown in
Table 1. As seen from the table, all fluorescence decays
could be fitted well with a biexponential function. The mean
fluorescence lifetimes were calculated using Eq. (3) and are
shown in Fig. 4b. As shown in the figure, there is an overall
decrease (~16%) in mean fluorescence lifetime of melittin
with increasing acyl chain unsaturation. The shortening of
lifetime could possibly be due to increased water penetration
in the interfacial region of membranes due to increasing
unsaturation and altered packing of the phospholipid fatty
acyl chains. In general, an increase in polarity of the
tryptophan environment is known to reduce the lifetime of
tryptophans due to fast deactivating processes in polar
environments [34]. With an increase in the number of
double bonds in the sn-2 fatty acyl chain, the polarity of the
tryptophan environment would increase due to increased
water penetration induced by the presence of polyunsatura-
tion [25,26] resulting in a reduction in lifetime. This is
consistent with the observation of reduction in fluorescence
intensity of membrane-bound melittin with increasing
unsaturation (Fig. 2). Interestingly, the change in mean
fluorescence lifetime is more prominent when the number of
double bonds is increased from two to four, in agreement
with the fluorescence intensity and REES results described
above (Figs. 2 and 3b).
The fluorescence polarization of membrane-bound melit-
tin is shown in Fig. 5. The polarization values show a steady
decrease with increasing number of double bonds in the
Table 1
Lifetimes of melittin bound to membranes composed of varying degrees of
unsaturationa
Lipid a1 s1 (ns) a2 s2 (ns)
POPC 0.12 4.17 0.88 0.76
PLPC 0.11 4.27 0.89 0.90
PAPC 0.10 3.97 0.90 0.83
PDPC 0.12 3.63 0.88 0.73
a The excitation wavelength was 297 nm; emission was monitored at
337 nm. All other conditions are as in Fig. 2. See Materials and methods for
other details.
Fig. 5. Effect of increasing number of double bonds at the sn-2 fatty acyl
chain on the fluorescence polarization (.) and apparent rotational
correlation times (o) of melittin bound to membranes of varying degrees
of unsaturation. The data points shown are the meansFS.E. of three
independent measurements. All other conditions are as in Fig. 2. See
Materials and methods for other details.
Fig. 4. (a) Time-resolved fluorescence intensity decay of melittin bound to
POPC membranes. Excitation wavelength was at 297 nm which corre-
sponds to a peak in the spectral output of the nitrogen lamp. Emission was
monitored at 337 nm. The sharp peak on the left is the lamp profile. The
relatively broad peak on the right is the decay profile, fitted to a
biexponential function. The two lower plots show the weighted residuals
and the autocorrelated function of the weighted residuals. (b) Effect of
increasing number of double bonds at the sn-2 fatty acyl chain on mean
fluorescence lifetime of melittin bound to membranes of varying degrees of
unsaturation. Mean fluorescence lifetimes were calculated from Table 1
using Eq. (3). The excitation wavelength used was 297 nm, and emission
was set at 337 nm. All other conditions are as in Fig. 2. See Materials and
methods for other details.
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melittin is considerably increased in polyunsaturated mem-
branes and the increase is more pronounced when the degree
of unsaturation in membranes is higher. It has been reported
earlier that poly-cis unsaturated lipid bilayers are moreflexible than membranes made of their saturated or
monounsaturated counterparts [35]. Further, an increased
dfree volumeT at the membrane interfacial region (where the
sole tryptophan of melittin is localized) has been suggested
for membranes containing unsaturated phospholipids [36].
These factors could account for the reduction in fluores-
cence polarization observed with increasing unsaturation in
the membrane.
In order to ensure that the polarization values measured
for membrane-bound melittin are not influenced by
lifetime-induced artifacts, the apparent (average) rotational
correlation times were calculated using Perrin’s equation
[8]:
sc ¼ bsNr
ro  r ð8Þ
where ro is the limiting anisotropy of tryptophan, r is the
steady state anisotropy (derived from the polarization
values using r=2P/(3P)), and bsN is the mean fluo-
rescence lifetime taken from Fig. 4b. The values of the
apparent rotational correlation times, calculated this way
using a value of ro of 0.09 [8], are shown in Fig. 5. As is
evident from the figure, the apparent rotational correlation
times show progressive decrease with increase in mem-
Fig. 6. Stern–Volmer quenching constants, KSV (o) and bimolecular
quenching constants, kq (.) for acrylamide quenching of melittin bound to
membranes of varying degrees of unsaturation. The bimolecular quenching
constants were calculated using Eq. (5). The excitation wavelength was 295
nm and emission was monitored at 337 nm. The data points shown are the
meansFS.E. of three independent measurements. The ratio of melittin to
lipid was 1:50 (mol/mol) and the concentration of melittin was 3.2 AM in all
cases. See Materials and methods for other details.
Fig. 7. Effect of increasing number of double bonds at the sn-2 fatty acyl
chain on the far-UV CD spectra of melittin bound to membranes composed
of varying degrees of unsaturation corresponding to POPC (— - -), PLPC
(— - —), PAPC (– – –), and PDPC (—). The ratio of melittin to lipid was
1:50 (mol/mol) and the concentration of melittin was 17.0 AM in all cases.
See Materials and methods for other details.
H. Raghuraman, A. Chattopadhyay / Biochimica et Biophysica Acta 1665 (2004) 29–3936brane unsaturation and therefore parallels the trend
observed with fluorescence polarization of membrane-
bound melittin. This clearly shows that the observed
changes in polarization values are free from lifetime-
induced artifacts.
3.4. Acrylamide quenching of melittin tryptophan
fluorescence
The above results show that increasing acyl chain
unsaturation in membranes enhances the polarity of the
interfacial region of membranes due to increased water
penetration. Previous literature reports have rationalized
such observations by the fact that a membrane bilayer with
increased free volume in the interfacial region would be
more permeable to small molecules such as water [36]. We
performed fluorescence quenching experiments using acryl-
amide to explore this issue further and to examine the
accessibility and relative location of melittin in membranes
of varying degrees of unsaturation. Acrylamide is a widely
used neutral aqueous quencher of tryptophan fluorescence
[21]. The slope of the Stern–Volmer plot, obtained from
acrylamide quenching experiments, is the Stern–Volmer
constant (KSV). This parameter (KSV) is related to the degree
of exposure (accessibility) of the melittin tryptophan to the
aqueous phase. In general, the higher the value of KSV, the
greater the degree of exposure, assuming that there is not a
large difference in fluorescence lifetime. The quenching
parameter (KSV) obtained by analyzing the Stern–Volmer
plots is shown in Fig. 6. Surprisingly, there is no apparent
correlation between the accessibility of the melittin trypto-
phan to the aqueous phase to the increasing acyl chain
unsaturation. However, the bimolecular quenching constant
(kq) is a more accurate measure of the degree of exposuresince it takes into account the differences in fluorescence
lifetime (see Eq. (5)). The kq values, calculated using mean
fluorescence lifetimes from Fig. 4b and Eq. (5), are shown
in Fig. 6. It is somewhat reassuring to note that the overall
accessibility of melittin tryptophan is higher in polyunsatu-
rated membranes when compared to monounsaturated
membranes, when judged by changes in kq values. None-
theless, this trend in accessibility did not compare well with
changes in fluorescence parameters such as intensity (Fig.
2), REES (Fig. 3b), and lifetime (Fig. 4b) with increasing
membrane unsaturation. The reason for this apparent
discrepancy is not clear.
3.5. Effect of increasing acyl chain unsaturation on the
secondary structure of membrane-bound melittin
To investigate the effect of increasing acyl chain
unsaturation on the secondary structure of melittin, we
carried out far-UV CD spectroscopy of melittin in
membranes of varying degrees of unsaturation. It is well
established that monomeric melittin in aqueous solution
shows essentially random coil conformation as reported
earlier [6]. On the other hand, membrane-bound melittin
shows a CD spectrum which is characteristic of an a-
helical conformation [6,12,37]. The CD spectra of melittin
bound to membranes composed of varying degrees of acyl
chain unsaturation are shown in Fig. 7. Our result shows
that melittin adopts a-helical conformation in mono-
(POPC) and diunsaturated (PLPC) membranes and there
is no significant difference in the a-helical content of
melittin in these membranes. A slight shift is observed in
the a-helical CD signature of melittin bound to PAPC
membranes (Fig. 7). Importantly, a significant change
(shift) in the CD spectrum of melittin is observed in case
of melittin bound to PDPC membranes. The negative peak
H. Raghuraman, A. Chattopadhyay / Biochimica et Biophysica Acta 1665 (2004) 29–39 37at 208 nm, characteristic of a-helical conformation, is lost
and the resolution of the two negative peaks becomes less
clear. Although the a-helix is considered to be the
predominant secondary structural motif of membrane-
bound melittin [6,12,37], the presence of a h-antiparallel
pleated sheet has earlier been shown to exist for
membrane-bound melittin [38]. Our results suggest that
melittin, bound to highly unsaturated membranes such as
PDPC membranes, could exhibit significantly different
secondary structure. To the best of our knowledge, this is
the first report showing such a change in the secondary
structure of melittin in membranes of polyunsaturated
phospholipids. Interestingly, it has been reported earlier
that the last few residues at the carboxy terminal region
(residues 23–26) of membrane-bound melittin are not part
of the helix and are unfolded [39–41]. It is possible that in
highly unsaturated membranes, there could be further
unwinding of the helix resulting perhaps in an extended
h-form. It should be noted here that although CD
measurements are sensitive to sample scattering, these
results are not influenced by scattering since the essential
features of the CD spectra (such as relative peak positions)
were found to be unaltered when lipid concentration was
varied over a range (0.43–0.85 mM) keeping the peptide/
lipid ratio constant at 1:50 (mol/mol).4. Discussion
Membrane lipids play an important role in organizing
biological membranes, mediating the formation of func-
tional membrane domains, and modulating the structure and
function of membrane proteins [42]. In particular, poly-
unsaturated lipids present in many biological membranes are
of significant functional importance. Phospholipids with
polyunsaturated acyl chains are known to influence mem-
brane dynamics [30,36,43,44], and play an important role in
regulating the structure and function of membrane peptides
and proteins such as rhodopsin [45], and mechano-gated K+
channels [46]. These studies point out the importance of
lipid–protein interactions in modulating the function of
membrane proteins, and demonstrate that lipid acyl chain
unsaturation is an important factor in facilitating the
structural organization and function of biological mem-
branes. More importantly, polyunsaturated lipids have been
reported to be crucial in health and disease [47].
In this paper, we have used the hemolytic peptide
melittin to address the influence of unsaturated lipids in
modulating lipid–protein interactions. In particular, we
monitored the effect of increasing acyl chain unsaturation
on membrane-bound melittin utilizing sensitive fluores-
cence-based approaches and CD spectroscopy. An interest-
ing issue is the conformation of membrane-bound melittin
in the experimental conditions used by us. As stated
earlier, the orientation of membrane-bound melittin is
dependent on a number of factors which include thephysical condition and the composition of the membrane,
and the concentration of the peptide [12,41]. Results from
oriented CD spectroscopy measurements using melittin in
fluid POPC bilayers show that the orientation of mem-
brane-bound melittin is parallel to the membrane surface at
melittin concentrations of 2.5 mol% (i.e. peptide/lipid
ratios b1:40) or lower [12]. For example, at a peptide/lipid
ratio of 1:40, melittin was found to be 85% parallel to the
bilayer while this component is decreased to 68% at a
peptide/lipid ratio of 1:15. In addition, the orientation of 1
mol% melittin in similar membranes have earlier been
reported to be parallel to the membrane surface using a
novel X-ray absolute scale refinement method [41]. These
authors also reported, using oriented CD spectroscopy, that
melittin starts reorienting perhaps to transmembrane
orientation only at concentrations of ~4 mol%. Based on
these results, it is reasonable to assume that melittin adopts
an orientation parallel to the membrane surface under
conditions reported in this paper.
Since phospholipids of most biological membranes are
predominantly sn-1 saturated, sn-2 unsaturated acyl chains,
we chose phospholipids with this general feature for this
work. Our study assumes relevance due to the functional
consequence (such as modulation of lytic ability and bilayer
micellization) of the interaction of melittin with unsaturated
membranes. Our results show that fluorescence parameters
such as intensity, emission maximum, polarization, lifetime
and acrylamide quenching of melittin incorporated in
membranes are dependent on the degree of unsaturation of
lipids in membranes. Importantly, melittin in membranes
composed of various unsaturated lipids show REES imply-
ing that melittin is localized in a motionally restricted region
in membranes. Interestingly, the extent of REES was found
to increase drastically in membranes with increasing
unsaturation, especially when the lipids contained more
than two double bonds. The rotational mobility of melittin is
considerably increased upon increasing the acyl chain
unsaturation due to the loosening of inter-phospholipid
packing near the lipid–water interface. In addition, time-
resolved fluorescence and acrylamide quenching measure-
ments reinforce the observation that the presence of
unsaturation increases water penetration in the interfacial
region of membranes composed of varying degrees of
unsaturation. An interesting observation is that increasing
unsaturation in membranes causes a considerable change in
the secondary structure of membrane-bound melittin. In
summary, our results assume significance in the overall
context of the role of unsaturated lipids in membranes in the
organization and function of membrane proteins and
membrane-active peptides.Acknowledgements
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